report about the rigid wall with reinforced backfill with unattached continuous fabric reinforcement. On the basis of model tests, Hausmann and Lee [14] reported about a 40 % reduction in the moment at the base of the wall by reinforcing the dry cohesionless backfill soil. Saran et al. [21] have also, published similar observations. Non-dimensional design curves are provided by Talwar [23] for computing the resulting lateral earth pressure and the height of its point of application above the base of a rigid wall retaining a reinforced cohesionless backfill. Garg and Saran [11] considered the presence of a uniformly distributed surcharge load on the surface of the reinforced backfill and also, reported a substantial reduction in the earth pressure moment on the wall. Findings of model tests by Pinto and Cousens [20] have shown that even shorter lengths of reinforcement can significantly improve the behavior of retaining wall. Garg et al. [10] have discussed a concept of economical placement of the unattached reinforcement in the backfill for vertical walls and also, provided a non-dimensional design charts. Mittal et al. [18] have carried out theoretical analysis and model tests of a rigid wall retaining a reinforced backfill and concluded that, unattached reinforcing strips, embedded in the cohesionless backfill behind a rigid wall are effective in reducing the lateral earth pressure on the wall.
The above studies illustrate the effectiveness of unattached reinforcement in reducing the horizontal displacements at top and base of the wall. However, most of research work reported in the literature is about the behavior of a rigid wall retaining a reinforced backfill, considering rigid foundations. Actually, the performance of a rigid wall system on moderate and soft foundation strata has not been fully explored [5] .
Furthermore, the design of a structural system is governed by the criteria of safety and serviceability. For the reinforced earth wall system, an aspect of safety is fully covered of through the theories of limit-equilibrium [2, 6, 24] . A properly adopted limit-equilibrium method can be used for determination of the factor of safety, but identification of progressive failure, deformation in reinforced wall system may not be possible with this method [13] .
Also, the interest towards performance-based design is increasing and limit state design codes have included serviceability limit states. Hence, there is a need to estimate what facing deformations can be anticipated or tolerated for reinforced earth wall system during and after construction. The designers are interested in magnitude of outward deformations that may be anticipated for different types of reinforced systems. At present there are no analytical methods available and estimates of facing deformations [3] . The performance data of reinforced earth wall system can be obtained by field instrumentation and full-scale physical modeling. But, field monitoring and experimental tests are costly and time consuming [1] . Therefore, an alternative, computer-based numerical modeling can be used for the design, parametric studies and investigation of reinforced earth walls [15] .
Hence, in the present work a typical rigid wall retaining a reinforced backfill is modelled using the two dimensional (2D) plane strain finite element (FE) method. A planestrain condition is considered in the analyses assuming that the strain in the direction perpendicular to the plane is zero [12] . A parametric study is conducted to identify the effects of various structural components of a system on the front face deformations.
Parametric details
The analysis of a rigid wall with reinforced backfill is carried out by considering the different parameters which are discussed below.
Wall geometry: (height of wall and Roadway width) The rigid wall with reinforced backfill technology is suitable particularly for the construction of flyover approach roads and road construction in hilly areas. Hence, height of wall always varying. The width of roadway of 12 m is considered in the present investigation as per IRC: 6 [16] as referred in references.
Backfill soil: As reported in the literature, granular soils are preferred for the construction for reinforced earth walls. They have the advantage of free drainage and also because of higher frictional resistance at the interface of soil and reinforcement; there is no slippage of reinforcement. In the present investigation three types of backfill soils having soil modulus 1.00E+04, 5.00E+04, 1.00E+05 (kPa) as reported in literature as granular soils are selected for investigation [19] .
Soil in foundation strata: The soil in foundation strata covers large variations from soft and stiff clay to moderate and compact granular formation. Hence, seven types of soils are considered having soil modulus 1.00E+01 to 1.00E+07 (kPa) as reported in literature [19] .
Steel reinforcement: The reinforcement considered in the analysis is galvanized iron strips of 40 mm wide and cross sectional area of 100 mm 2 placed at 500 mm vertical spacing. The elastic properties of reinforcement assumed in the analysis are: modulus of elasticity (E) 200 GPa, and Poison's ratio (m) 0.30 [4] .
Typical cross section
The typical cross section of a rigid wall with a reinforced backfill and underlying foundation strata is shown in Fig. 1 , in which 'b' denotes the roadway width, and 'H' denotes the wall height. The underlying foundation strata are assumed to be a semi-infinite soil formation.
Soil in the backfill
Three types of soils are considered in the backfill. The engineering properties of these three types of backfill material are presented in Table 1 [19] . 
Soil in the foundation strata
Seven types of soils are considered in the foundation strata. The engineering properties of these seven types of soil are presented in Table 2 [19] . 
Surcharge loading
A uniform surcharge load (q) of magnitude 40 kPa for the considerations to the additional traffic load, extending over the full width of roadway is considered in the analysis [16] .
Finite element idealization
From Fig. 1 , it is easy to recognize that the system under consideration has a vertical axis of symmetry; hence, it is adequate to analyze only half section as shown in Fig. 2 . The boundaries of the section being investigated are based on the following assumptions.
1. The boundary defined by the vertical axis of symmetry represents a boundary with horizontal displacement being restrained. 2. The infinite domain of the foundation strata is curtailed vertically at a depth 'D' , and the boundary so formed is assumed to be restrained horizontally as well as vertically. 3. The infinite lateral boundary of the foundation strata on the left is curtailed at a distance 'L' , and resulting boundary is assumed to be restrained in horizontal direction. The half section as shown in Fig. 2 is considered for discretization. The coordinate system, dimensions, nodal point locations and loading are as shown in Fig. 3 . The section is idealized through square elements of size 0.5 m by 0.5 m. The backfill and foundation soil have been discretized using two dimensional (2D) four nodded isoparametric plane strain quadrilateral element as shown in Fig. 4a . Every element is defined by four nodal points having two degrees of freedom at each node, i.e. translation in X and Y directions. A unit thickness is assumed for the element. The material properties as a input for this element, for isotropic elastic case, are soil modulus 'E' , Poison's ratio 'm' and soil density 'γ' .
The reinforcing elements have been modeled as line element as shown in Fig. 4b . It is uniaxial tension/compression element with two degrees of freedom at each node (u i and v i ). No bending of element is considered. The element is defined by two nodal points. The cross sectional area, and elastic material properties (E, m) are the input for this element. At an interface layer of soil and reinforcement, zero thickness interface element is used as shown in Fig. 4c .
It is found that, the common approach of providing equally spaced truncated reinforcement with reinforcement length (L) to wall height (H) ratio, L/H equal to 0.7, provides a relatively efficient distribution of reinforcement force. In contrast, the approach of varying reinforcement spacing in an attempt to mimic the horizontal stress distribution proves to be less efficient and is not recommended. Varying reinforcement length, i.e. reinforcement extended to the zero force line, does not provide any significant improvement in force distribution relative to the truncated reinforcement of L/H = 0.7. Hence, in the current investigation, the minimum ratio L/H = 0.7 is maintained [21] .
The investigations carried by Saran et al. [21] are based on limit equilibrium method and are focused on the estimation of earth pressure. The limitations of limit equilibrium method are also highlighted in introduction section. The present investigation is done by finite element method and is focused on serviceability aspect which is a potential area of ongoing works in case of reinforced soil walls.
Details of idealization scheme
Full information of the idealized system considered in analysis is presented in Table 3 . The details of the four material types presented in Table 3 are, a concrete wall, reinforced backfill, foundation material assumed below the earth wall, and the steel reinforcement used as reinforcement in the backfill.
Since, the total bulk of results derived for the entire range of parametric investigation are too huge to be included herein. Hence, the results pertaining to 7.5 m wall height and 12 m road width are presented in the paper. 
Software code
The software code used in this study is developed in FORTRAN-77 and validated for reported case studies in open technical literature. The flow chart is illustrated in Fig. 5 . Initially all input data like number of nodes, elements, boundary nodes, material types, material properties etc. are supplied to generate input file. While conducting the analysis a flag number (N) is assigned a value of zero and the resulting input file is scrutinized thoroughly to check whether the data received through input file is correct. Then the input dataset is tested and trained. When 'N' is assigned a value of one, the software generates stiffness matrices for quadrilateral element, line element and interface element considering the nodal connectivity by taking the normalized input dataset. The global stiffness matrix is then obtained based on element stiffness matrices. The global stiffness matrix takes the final shape taking into account for boundary conditions. The global stiffness matrix is solved using Gauss elimination method. Using the concepts of theory of elasticity the values like stresses, strains, displacements are calculated and displayed in an organized manner.
The following subroutines are incorporated in the program. Subroutine PARENT It develops all characteristics of parent element such as shape functions and derivates of the shape functions at various Gauss points.
Subroutine GDATA The subroutine provides all Input and output data in the normalized form.
Subroutine WIDTH It calculates in advance the value of maximum front width that is developed during frontal operations.
Subroutine LOAD It provides the information regarding externally applied loads.
Subroutine CALL FRONT It performs the analysis and establishes the nodal displacements and nodal reactions.
Subroutine RESULT It develops the details of the structural response, element strains, element stresses, displacements etc.
Subroutine DISPLAY It displays the results in an organized manner.
Validation of results
The present results are validated with those presented by Shridevi and Garg [22] . The conventional reinforced earth wall with brick masonry panels constructed in cement mortar and reinforced backfill is of 1.6 m in height and 33 m long. The performance of reinforced earth wall is monitored for about 20 months and the lateral and vertical displacements were measured using extensometer and deformeter. The material properties and constructional details of reinforced earth wall are as shown in Table 4 . Considering the same geometric details as reported in the literature [22] and material properties mentioned in Table 4 , the conventional reinforced earth wall is discretized as discussed in preceding section (Finite Element Idealization). The 2D FEM analysis is carried out considering self weight and a surcharge load of 40 kPa, by the software used in the current study to determine the front face deformations.
The theoretical values obtained using present studies are compared with those available in the literature [22] . The comparison of these results is shown in Fig. 6 . The results presented in Fig. 6 show that the lateral displacements calculated by using present study near the top edge of the wall is slightly higher than the values reported by Shridevi and Garg [22] . However, at other locations these results are in good agreement.
Finite element analysis
A rigid wall retaining a reinforced backfill and underlying semi-infinite foundation strata is discretized as discussed in preceding section. The modulus of elasticity of reinforcement equal to 200 GPa and sectional area of 100 mm 2 is kept constant for all investigations. The response is derived for front face deflected profile of a rigid wall of height 7.5 m and roadway width of 12.0 m, considering self-weight of a system and are presented in Fig. 7a, b . The above parametric analyses show that, so long as the foundation stiffness represented by the value of 'E' is less than that of backfill, the vertical face of the wall deflects in a manner which is shown schematically in Fig. 7a . The deflected profile as shown in Fig. 6 The effect of height of reinforced earth wall on its lateral deflection Fig. 7 Response of wall. a Resting on weak foundation and b resting on strong foundation Fig. 7a is characterized by inward deflection at the top and outward deflection at the base. Hence, it has point of rotation over the wall height. The deflected profile is a straight line variation indicating the rigid body rotation of the wall due to the deformations suffered by the foundation strata and backfill material. Also, the magnitude of deflections at top is more as compared to the magnitude of deflections at the base.
In case of the foundation soil having value of stiffness 'E' equal to or more than that of the reinforced backfill, it is observed that, the deflected profile as shown in Fig. 7b is characterized by inward deflection at the top and outward deflection at the base. Hence, it has point of rotation over the wall height. But the deflection at base is significantly small and the magnitude of deflection at the top is more as compared to the deflection at base. The deflected profile is a curved variation indicating the deformation of a rigid wall due to increased shear stress at the base of wall.
Discussion on results
The response is derived for wall height 7.5 m and road width 12.0 m considering selfweight of wall in the preceding section. Similar response is obtained for other parametric combinations by varying the properties of backfill and foundation strata (vide Tables 1, 2 From the literature review, it is revealed that, at present there are no analytical methods available to estimate the facing deformations [3] . Also, the estimation of facing deformations have been restricted to a design charts proposed by Chrsitoper et al. (FHWA [9] ). The case of a rigid wall retaining reinforced cohesive-frictional backfill subjected to uniformly distributed surcharge load has been analyzed by Mittal et al. [18] using limit equilibrium approach. They have concluded that, there is about 40 % reduction in the lateral earth pressure on the wall due to reinforced backfill. In the current investigation backfill is assumed cohesionless and the wall is resting on variety of soil types from soft clay to hard strata. The observations noted from the study are discussed below.
The Figs. 8a-e, 9a shows the front face deflections at top and base of wall. The observations noted from these figures show that, for foundation strata having stiffness 10 1 kPa is distorted due to low shear strength and even reinforced backfill is not effective to reduce the front face deflections. The reinforced backfill having stiffness 10 4 kPa, constructed on foundation strata having stiffness 10 2 -10 4 kPa, the front face deflections at top and base are reduced up to 60 %. When, the wall resting on strong foundation (stiffness, 10 5 , 10 6 , 10 7 kPa) the reduction in front face deflections at top due to reinforced backfill is hardly 20 % and at base the deflections tend to zero. Hence, it is concluded that, the reduction in front face deformation varies from 20 to 60 % depending on backfill and foundation soil properties. The results obtained by Mittal et al. [18] are specific to reduction in lateral earth pressure on the wall. There is no direct evidence in the published literature to prove the validity of results. But, the trend of reduction in front face deformations (20-60 %), depends upon the properties of backfill and foundation strata and is same as reported by Mittal et al. [18] . Hence, the current approach is an attempt of the writers to use the proposed methodology as a first order estimate of lateral displacements during construction of rigid walls. Additionally, the paper highlights potential areas of ongoing and further work that may offer a better understanding of the serviceability limit state of reinforced soil walls.
Summary and conclusions
Based on the study of a rigid wall retaining a reinforced backfill, the following major conclusions have been drawn, which are summarized below.
1. As long as the stiffness of foundation represented by the value of 'E' is less than that of the stiffness of reinforced backfill, the rotation of a rigid concrete wall is observed at a particular height, imparting inward deflection at the top of wall and outward deflection at the base of wall. The deflected profile is a straight line variation indicating the rigid body rotation of the wall due to the deformations suffered by the foundation strata and backfill material. 2. In case of the foundation soil having value of stiffness 'E' equal to or more than that of the reinforced backfill, the deflected profile is curved variation indicating the deformation of a rigid wall due to increased shear stress at the base of wall. 3. Unattached reinforcing strips, embedded in the backfill behind a rigid retaining wall, are effective in reducing the horizontal front face deflections at top and base of a rigid wall. 4. In case of weaker foundation, the response of the wall is sensitive to Poison's ratio.
The front face deflections change as the Poison's ratio changes. But for strong foundation, the response is insensitive to Poison's ratio. 5. The present work demonstrates the methodology to derive the design charts for deflections at top and base and height of rotation of a rigid wall. These charts are useful to the designer to choose the option of a rigid wall with a reinforced backfill, considering the available foundation and to satisfy the codal provisions regarding the serviceability criteria of a rigid wall. Additionally, the paper highlights potential areas of ongoing and further work that may offer a better understanding of the serviceability limit state of reinforced soil walls.
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